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Abstract 
Designing a dynamic system inherent with randomness requires predictable and dependable mathematical models that focused well 
on variability of the output. In addition, the model should provide an understanding for the impact of that randomness on the model 
validation as an abstraction for the real system. Lack of this fact causes inaccuracy in the results from the mathematical model, 
especially when modelling systems with high manual work content such as manual assembly lines with walking worker(s) 
(WWAL). This paper deals with validation of the mathematical model of WWAL and effect of sources of randomness in the system 
on worker operating times and in the end on the output of the system.  
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1. Introduction 
Mathematical models are considered from earlier 
versions of operational research techniques that have 
been used to model manual assembly system design 
problems. Extensively research has been used the 
mathematical models to solve the mentioned design 
problems. Samples from that research are represented by 
studies of Dashchenko and Loladze [1], Hillier and So 
[2], Martin [3] and Solot and Vliet [4]. 
Due to the sources of randomness in manufacturing 
systems such as processing or assembly times at each 
workstation and skill levels of workers who perform 
these tasks, most of these systems are stochastic rather 
than deterministic [5]. Among specialists, it is widely 
accepted that using mathematical modelling techniques 
are not sufficient to describe a system with random 
behaviour [5, 6]. This is because mathematical models 
do not consider the stochastic nature of the system, 
based on many simplifying assumptions and provide a 
limited number of system performance measures [7]. 
Simulation modelling has emerged as a powerful tool for 
optimising of complex manufacturing systems that are 
characterised by stochastic operating environments [8-
10]. Currently, simulation modelling is considered the 
most commonly used technique behind optimisation 
[11]. The components of simulation model try to 
represent with varying degrees of accuracy the actual 
operations of the real components of the system. There is 
much published work in simulation modelling-based 
optimisation of manual assembly systems. Examples of 
this work are shown in several studies [9, 12-18]. 
A simulation modelling technique often requires 
more effort and costs to obtain solutions than a 
mathematical one. Also, the accuracy of the model is 
dependent totally on the quality of the model as well as 
the skill of the modeller. Lately, sometimes it is hard to 
interpret the results of simulation. 
Because of these limitations, it seems, difficult to 
adopt the simulation modelling as the sole modelling 
technique for manual assembly systems. On the other 
hand, there is no only one technique that can model a 
system that has such complexities [19]. Due to existing 
of randomness in manual assembly systems, both types 
of models; mathematical and simulation can only be 
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restricted copies of a real system. They are 
simplifications and abstractions of the real system. 
This paper describes the effects of sources of 
randomness in validation of a mathematical model for a 
dynamic type of assembly systems called walking 
worker assembly line WWAL. The main objective of 
this current research work is to inform of a decision-
making process with the aid of modelling and simulation 
and to provide feedback in assisting the design of a 
walking worker assembly line in the early design stage. 
This process also includes a comparison of the dynamic 
performance based on simulation results that were 
obtained from simulation models with predicated results 
of the mathematical model which modelled the 
randomness of the same assembly line under different 
design scenarios. 
2. The randomness and modelling in WWAL 
Basically, the term of WWAL is a recent concept [20, 
21]. This term is generally used to describe the 
configuration of workstations in horizontal “U” shape or 
straight line layout, in which each cross-trained worker 
travels by walking down the line carrying out each 
assembly task at each workstation as scheduled. 
Thereby, each walking worker completes the assembly 
of a product in its entirety from start to end. Fig.1 
illustrates the concept of WWAL. 
 
 
 
 
 
 
Fig.1. Form of the walking worker assembly line 
The nature of the assembly process at most of the 
workstations in WWAL is well-recognised as sources 
for the randomness. These sources are related to three 
major effects; (1) variance in operation time: operation 
time variance is systematically varied with increasing 
amount of manual operation of the task [22, 23]; (2) 
variance in skill levels of the workers whose perform the 
tasks: the other source of variability in task completion 
times is the worker performing the task [24]; and (3) 
fatigue effects on work performance: It is well known 
that worker's performance capacities such as strength, 
speed, reaction time, coordination, decision making, or 
balance decreases with hours of shift time [25]. 
The existence of randomness in the system causes 
gap between system performances as predicted by 
models when compared with the actual outputs that such 
systems generate in practice [26]. The discrete event 
simulation models provide the possibility of 
understanding and analysing of normally stochastic (or 
random) behaviour such as those found in flexible 
manufacturing systems and production assembly lines 
[27]. This may explain why the related studies of 
WWAL are focused mostly on simulation modelling. 
Wang  et al. [5] gave a summary of these studies. 
Mayer and Benjamin [28] warn that simulations often 
do not sufficiently represent reality to aid in the design 
process. This view is supported by Carrie [29] who 
describes sets of factors which impact the accuracy of 
simulation. Hence, this leads to the hypothesis that by 
taking into account the sources of randomness in 
modelling WWAL mathematically, it is possible to 
reduce the difference in performance prediction that 
exists between the mathematical model and simulation 
model. In addition, this enhances the role of the 
mathematical model at the design stage by enabling the 
designer to understand the relationships among the 
operating parameters and the effects when changing the 
values of their on system performance. For that purpose, 
this paper investigates how the randomness influences 
the validation of the system mathematical model.  
3. Mathematical model of WWAL 
This paper considers a mathematical model for 
productivity measurement of WWAL as an example to 
demonstrate the stated objectives. Details of this model 
were fully described previously by Al-Zuheri et al. [30]. 
The model uses shift time production rate as an indicator 
for system productivity. Following, the end-user 
equations that are used to compute the shift time 
production rate for producing manually a single-model 
product by the walking worker approach into a U-shaped 
assembly line.  
The amount of operating time ܵ௖ሺ݊ሻ , during given 
cycle ݊ is: 
ܵ஼ሺ݊ሻ ൌ ෍ ݐை௠௞
௞א௄ႊ
ൌ ߤ ൈ ෍ ܧ௞
௞א௄ႊ
൅
ן ඨ෍ ܧ௞ଶ
௞א௄ႊ
ൈߪଶ ൅  ௞ܸ ൈ ߤሺͳሻ 
Where: 
ݐை௠௞  The operation time of the worker ݉  to 
complete manual task at the workstation 
݇(sec.); 
ܧ௞ Average working time needed by worker 
to perform a task at workstation ݇; 
௞ܸ Variance of performing a task at 
workstation ݇;  
Entrance  
Exit
૚ ૛  ࢑ െ ૚ 
࢑ 
࢑ ൅ ૚ 
࢑࢈  ࡷƶ െ ૚ ࡷƶ 
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μ  Average level of worker skill; and 
σ Standard deviation of worker skill level.  
 
This equation includes modelling first and secondly 
the source of randomness in WWAL; the variance in 
operation time and skill level of  workers whose perform 
the assembly tasks.  
The overall walking time of the WWAL—  ௖ܹሺ݊ሻin 
the given cycle time݊, is the sum of all walking times 
between workstationsݐௐ௠௞ :  
௖ܹሺ݊ሻ ൌ ԭ ൈ෍ ݐௐ௠௞
௞א௄Ƹ
 
ൌ ԭ ൈ ෍ ඨሺݔ௞ାଵ െ ݔ௞ሻ
ଶ ൅ ሺݕ௞ାଵ െ ݕ௞ሻଶ
ݒ௢௞א௄ႊ
ሺʹሻ 
 Where: 
ԭ Grade of the walking surface (%); 
ݐௐ௠௞  Walking time for worker ݉ from 
workstation ݇ to workstation ݇ ൅ ͳ ―ܭƸ  
to 1, if ݇ = ܭƸ (sec.); 
ሺݔ௞ǡ ݕ௞ሻ Position of the worker at workstation ݇, ሺݔ௞ାଵǡ ݕ௞ାଵሻ Position of the worker at workstation ݇ ൅ ͳ; and 
ݒ௢ Worker walking speed (meters/sec).  
 
The total amount of in-process waiting time a walking 
worker― ݐூ௠௞್  spends for assembling one unit is given 
by: 
ݐூ௠௞್ ൌ ൣ൛ሺܯ െ ͳሻ ൈ ݐை௠௞್ ൟ
൅ ൛ሺͳ െ ߛሻ ൈ ሺܵ െ ͳሻ ൈ ݐை௠௞್ ൟ൧
െ ൦൮෍ ݐை௠
௞
ߛೖא಼ ̂
ೖಯೖ್
൲ ൅ ቌ෍ݐௐ௠௞
ೖא಼ ̂
ቍ൪ሺ͵ሻ 
Where: 
ݐூ௠௞್  In-process waiting time of the worker ݉ at the 
workstation ݇௕ (sec.); and 
ݐை௠௞್  The operation time of the worker ݉ to complete manual task at the at the bottleneck 
workstation݇௕, where݇௕ א ܭƸ (sec.). 
 
The “overall cycle time” in WWAL― ௖ܶ௔ሺ݊ሻ indicates 
the amount of time that the walking worker needs for 
assembling a product in one cycle of time ݊ in the line. 
It consists of an overall operating timesܵ௖ሺ݊ሻ, walking 
times ௖ܹሺ݊ሻ, and (if exists’) — in-process waiting time 
of the worker at the bottleneck workstation ݐூ௠௞್  in the 
line. Consider the ݊௧௛ cycle time, for kא ܭƸ the overall 
cycle time a walking worker ݉ spends for assembling 
one product is as follows: 
 
௖ܶ௔ሺ݊ሻ ൌ ൫ܵ௖ሺ݊ሻ ൅ ௖ܹሺ݊ሻ ൅ ݐூ௠௞್൯Ȁߝ                           (4) 
ߝ represents the penalty function append to the 
overall cycle time to reflect the fatigue effect on worker 
performance.  
The shift time worker productivity ―  ௠ܲ  can be 
obtained by dividing the shift time  ௌܶ௛௜௙௧ to the overall 
cycle time for assembling one product: 
௠ܲ ൌ ௌܶ௛௜௙௧
௖ܶ௔ሺ݊ሻሺͷሻ 
The performance of the WWAL can be evaluated in 
terms of shift time production rate ― ௌܲ௛௜௙௧as below: 
 ௌܲ௛௜௙௧ ൌ ෍ ௠ܲ
௠אெ
ሺ͸ሻ 
4. An illustrate example  
To illustrate the accuracy of the proposed 
mathematical model in section 3 in capturing the 
randomness in WWAL, the model has been tested 
hypothetically on an assembly line of hydraulic valve 
actuators. The model data is based on an example in the 
research of Wang et al. [6]. Table 1 summarizes the 
example at each workstation in the line in terms of the 
average working time. According to the production data, 
it is possible to assume to a high percentage (for 
example 95%), that the work can be completed in the 
specified cycle time and the value of the coefficient of 
variation of assembly task time D of all workstations 
equals 1.64.  
Table 1. Task descriptions and average working time of the actuator at 
each workstation on the line 
Workstations Description of task Average working time (sec.) 
݇ͳ Diaphragm assembly 105 
݇ʹ Actuator rod assembly 69 
݇͵ Upper casing assembly 100 
݇Ͷ Apply sealing kit 82 
݇ͷ Install the split ring 115 
݇͸ Install the tie bar nuts 121 
݇͹ Hydraulic installation 150 
݇ͺ Leakage test 102 
݇ͻ Operation testing 93 
݇ͳͲ Packing 82 
 
Just the average working time at each workstation on 
the line is available in research of Wang et al. [6]. 
Therefore, for the purpose of model implementation, the 
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missing input data is proposed. Table 2 includes values 
of proposed input data. 
 
Table 2. The proposed parameters of WWAL  
 
Clearly, from Table 1, the workstation with the 
longest operation time is k7. This is the bottleneck 
workstation which is the limiting factor that will prevent 
the highest production rate in shift time when 
implementing fixed worker assembly line (FWAL) 
approach, where each worker is typically assigned to a 
particular fixed task and continuously repeats the 
assigned task. According to the following equation, the 
rate with implementing the FWAL will be the following: 
௠ܲ ൌ ௌܶ௛௜௙௧ݐூ௠௞್
ൌ ͺ݄ݎݏǤ െܾݎ݁ܽ݇ݐ݅݉݁݌݁ݎ݅݋݀ݏͳ͹͵Ǥͳ  
ൌ ͳͶ͸ܽܿݐݑܽݐ݋ݎݏȀݏ݄݂݅ݐݐ݅݉݁                          (7) 
With implementation of the WWAL approach, the 
mathematical model predicts that the system is capable 
to produce nearly 161 valve actuator in a shift time (8 
hrs.). This implementation leads to an increase in worker 
productivity. This represents an increase of 37% (from 
14.6 to 20 actuators per shift time). Consequently, the 
shift time production rate of the line increases also by 
11% (from 146 to 161 actuators per shift time). It should 
be noted that while the production rate increases, the 
number of workers are decreased (from 10 to 8 workers). 
5. Model validation and randomness analysis 
In this research, the criterion for validation is based 
on estimation the error value between experimental 
results from simulation and model prediction for all 
performance measures of model. The relative root-mean-
square (RMS) error is often used as a better 
characterization for modulation quality metric. It is the 
value of the squares of the differences between 
experimental data and the corresponding predicated 
results. The relative RMS error is calculated using this 
formula [31]:  
ܴܯܵܧݎ ൌ ͳͲͲ ൈ ඩͳ݊෍ቆͳ െ
ݕሺݍሻ௉௥ௗ
ݕሺݍሻா௫௣ቇ
ଶ௡
௜ୀଵ
ሺͺሻ 
Where: 
ݕሺݍሻா௫௣ Value of model performance measure 
estimated by the simulation model; 
ݕሺݍሻ௉௥ௗ Value of same performance measure 
predicated by the mathematical model; 
and 
݊ Number of replications.  
 
The validation process is carried out by comparing 
predictions of the model for shift time production rate 
with corresponding simulation results. The validation 
process consists of three stages, as follows; (1) modeling 
the input data of the WWAL by the software’s 
simulator; (2) calculating the value of the error between 
the predicated and experimented values of performance 
measure; and (3) analyzing the error between simulation 
results and model predictions. 
5.1. Simulation experiments, results and validation 
For input parameters of the WWAL, a simulation 
model of the WWAL was built. The model was 
constructed using the SIMPROCESS™ [32] simulation 
software package. The attributes of the model are 
updated according to the stochastic nature of the 
operating time and walking times (a normal distribution 
is used to model the variability of times) in all work at 
the workstations.With no statistics taken during the 
warm-up period, the simulation period was set to eight 
hours shift time with two thirty minute breaks.  The data 
collected during the simulation run is the overall cycle 
time — ௖ܶ௔ሺ݊ሻ, and the shift time production rate ― ௠ܲ. 
The validation of the results was examined by 
performing three replications, and confidence intervals 
were calculated for a confidence level of 95%.  
Table 3 shows shift time production rate to input 
parameters of the WWAL. Based on the results obtained, 
it is possible to say an accuracy of model prediction is at 
a level of 10%. According to Li and Meerkov [33], this 
system-level model accuracy is often viewed as 
acceptable and consequently the developed model 
performed very well. 
 
 
Parameters Notation Values Unit 
The distance between 
workstations  
DT 5 meter 
Shift time ௌܶ௛௜௙௧ 8 hour 
Grade of the floor surface G 0.9 - 
Efficiency of slow  workers γ 70% - 
Number of slow workers S 3 - 
Number of workers M 8 - 
Walking speed of workers ݒ௢ 0.7 m/sec. 
Efficiency of slow  workers γ 70% - 
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Table 3. Validation test results-comparison of this performance 
measure ― shift time production rate predicted with experimental 
results to input parameters of the WWAL when modelled by simulator 
software’s. 
Exp. 
No. 
 Shift time labour 
productivity ࡼࡿࢎ࢏ࢌ࢚ 
1 Experimented 146 
Predicated 161 
The difference -15.0 
2 Experimented 147 
Predicated 161 
The difference -14.0 
3 Experimented 146 
Predicated 161 
The difference -15.0 
ܴܯܵܧݎ % 10.0 
 
5.2. Randomness analysis: Error and sensitivity 
analyses 
As mentioned earlier, there is a high level of natural 
variability in many aspects of the WWAL behavior 
(variability in task completion time, worker efficiency 
and also worker fatigue during shift time). Hence the 
variability in the model input parameters has been 
established and the error between model prediction and 
experimented values is expected. Clearly, this variability 
associated with the workers activities. 
In this context, sensitivity scenarios that include 
workers activities can help define the effects of those 
activities on the model output. Also, it is the 
investigation of the importance of uncertainty in model 
inputs in a decision-making or modelling process. Fig.2 
shows the overall cycle time; simulated and predicated 
results for WWAL design with changing the values of 
the number of workers on the line and fixing the values 
of other parameters. 
 
 
 
 
 
 
 
 
Fig.2. Effect of number of workers on shift time production rate, 
comparison between mathematical model predictions and simulation 
results 
The results of comparison of measured and simulated 
shift time production rate show the differences between 
these values are stable at around 10%. In conclusion, the 
sources of variability’s in the system have a large effect 
on the results of the simulation, and even different 
simulation runs can produce different results (see Fig.3). 
Siebers et al. [10], considered that such inaccuracy in 
the results from the simulation model is normal when 
modelling systems with high manual work content, such 
as assembly lines. 
 
 
 
 
 
 
 
Fig. 3. The results of five independent replications of the experiment 
recording the shift time production rate against mathematical model 
predictions 
6. Summary and future work 
The randomness in WWAL comes from the 
variability in performing the tasks in the systems. The 
major variability includes task variance (variance in 
operating time); the skills of workers variance (variance 
in skill levels of the workers whose perform the tasks) 
and the shift time fatigue variance (variance due to 
fatigue of work in shift time. This paper investigated the 
role of these sources of randomness on the validation of 
a mathematical model of the WWAL as a real 
abstraction for the system. These sources were modelled 
mathematically and then an example presented to 
illustrate the applicability of the model. The predications 
of the model have shown that considering these sources 
of randomness in the system mathematical models can 
influence the output of the system mathematical model 
notably.  
To evaluate the accuracy of the model, a simulation 
model was constructed for validating the mathematical 
model predications. Since the results of comparison of 
predicated and simulated system performance in terms 
of shit time production rate show the differences 
between these results are stable around 10%, the WWAL 
can be said to be validated in this case. In addition, with 
the aid of an illustrate example and simulation model, 
error and sensitivity analyses for the WWAL model has 
been studied in this paper. 
Since correlation between mathematical and 
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simulation results in the model is still high, there are 
most likely some other possible error sources in the 
WWAL model. One possible reason for this behaviour is 
the area which represents the distribution of 
workstations duration in simulation models of the 
WWAL. With taking this point into account, additional 
simulation modelling for WWAL can improve the 
mentioned correlation. 
Acknowledgments 
The authors would like to express their appreciation to 
anonymous referees for their helpful comments. 
References 
[1] Dashchenko, A. -I., Loladze, T. -N., 1991. Choice of optimal 
configurations for flexible (readjustible) assembly lines by 
purposeful search, CIRP Annals - Manufacturing Technology 40, 
p.13. 
[2] Hillier, F.-S., So, K.-C., 1996. On the simultaneous optimization of 
server and work allocations in production line systems with 
variable processing times, Operations Research 44, p.435. 
[3] Martin, G.-E., 1994. Optimal design of production lines, 
International Journal of Production Research 32, p. 989. 
[4] Solot, P., Vliet,  M.-V., 1994. Analytical models for FMS design 
optimization: A survey, The International Journal of Flexible 
Manufacturing Systems 6, p.209. 
[5] Wang, Q., Chatwin, C. -R., 2005. Key issues and developments in 
modelling and simulation-based methodologies for manufacturing 
systems analysis, design and performance evaluation, 
International Journal of Advanced Manufacturing Technology 25, 
p.1254. 
[6] Wang, Q., Lassalle, S., Mileham, A.-R., Owen, G.-W., 2009. 
Analysis of a linear walking worker line using a combination of 
computer simulation and mathematical modeling approaches, 
Journal of Manufacturing Systems 28, p.64. 
[7] Hsieh, S.-J., 2002, Hybrid analytic and simulation models for 
assembly line design and production planning, Simulation 
Modelling Practice and Theory 10, p.87. 
[8] Bulgak, A.-A., Tarakc, Y., Verter, V., 1999. Robust design of 
asynchronous flexible assembly systems, International Journal of 
Production Research  4, p. 3169.  
[9] Jayaram, S., Jayaram, U., Kim, Y. -J., De Chenne, C., Lyons, K. -
W., Palmer, C., Mitsui, T., 2007. Industry case studies in the use 
of immersive virtual assembly, Virtual Reality 11, p.217. 
[10] Siebers, P.-O., Baines, T., Mason, S., Ladbrook, J., 2004. 
“Modelling human variation in assembly line models,”  
Proceedings of the 2004 Operational Research, Dunton, England. 
[11] Shafer, S.-M., Smunt, T. -L., 2004. Empirical simulation studies 
in operations management: context, trends, and research 
opportunities, Journal of Operations Management 22, p.345. 
[12] Battini, D., Faccio, M., Persona, A., Sgarbossa, F., 2007. “Linking 
ergonomics evaluation and assembly system design problem in a 
new integrated procedure,” 19th International Conference on 
Production Research. Valparaiso, Chile. 
[13] Boër, C.-R., El-Chaar, J., Imperio, E., Avai, A., 1991. Criteria for 
optimum layout design of assembly systems, CIRP Annals - 
Manufacturing Technology 40, p.415. 
[14] Chan, F. T.-S., Smith, A.-M.,1993. Simulation approach to 
assembly line modification: A case study, Journal of 
Manufacturing Systems 12, p. 239. 
[15] Kung, H.-K., Changchit, C., 1991. Just-in-time simulation model 
of a PCB assembly line, Computers & Industrial Engineering 20, 
p.17. 
[16] Lin, L., Cochran, D.-K., 1987. Optimization of a complex flow 
line for printed circuit board fabrication by computer simulation, 
Journal of Manufacturing Systems 6, p.47. 
[17] Longo, F., Mirabelli, G., 2009. Effective design of an assembly 
line using modeling & simulation, Journal of Simulation 3, p.50. 
[18] Nomura, J., Takakuwa, S., 2006,  Optimization of a number of 
containers for assembly lines : The fixed-course pick-up system, 
International Journal of Simulation Modelling 5, p.155. 
[19] Al-Ahmari, A. M.-A., Ridgway, K., 1999. An integrated 
modelling method to support manufacturing systems analysis and 
design, Computers in Industry 38, p.225. 
[20] Bley, H., Zenner, C., Bossmann, M., 2007. “Walking worker 
assembly lines - A contribution to lean production,” 7th 
International Conference Competitive Manufacturing - The 
Challenge of Digital Manufacturing. Stellenbosch, South Africa. 
[21] Wang, Q., Owen, G.-W, Mileham, A.-R, 2005. Comparison 
between fixed- and walking-worker assembly lines, Proceedings 
of the Institution of Mechanical Engineers, Part B: Journal of 
Engineering Manufacture 219, p.845. 
[22] Matondang, M.-Z., Jambak, M. -I., 2010. Soft computing in 
optimizing assembly lines balancing, Journal of Computer 
Science 6, p. 141. 
[23] ElMaraghy, H. -A., Manns, M., 2007. Transition of interarrival 
time patterns between automated and manual configurations of 
assembly systems, Journal of Manufacturing Systems 26, p.1. 
[24] Doerr, K. -H., Arreola-Risa, A., 2000. A worker-based approach 
for modeling variability in task completion times, IIE 
Transactions 32, p.625. 
[25] Macdonald, W., Bendak, S., 2000. Effects of workload level and 
8- versus 12-h workday duration on test battery performance, 
International Journal of Industrial Ergonomics 26, p. 399. 
[26] Baines, T. -S., Hadfield, L., Mason, S. -A., Ladbrook, J., 
2003.“Using empirical evidence of variations in worker 
performance to extend the capabilities of discrete event 
simulations in manufacturing,” 35th Winter Simulation 
Conference. New Orleans, USA. 
[27] Grimard, C., Marvel, J.-H., Standridge, C.-R., 2005. “Validation 
of the re-design of a manufacturing work cell using simulation,” 
37th Winter simulation Conference.Orlando, Florida. 
 [28] Mayer, R. -J., Benjamin, P.-C., 1992. Using the Taguchi 
paradigm for manufacturing system design using simulation 
experiments, Computers and Industrial Engineering 22, p.195. 
[29] Carrie, A.,1988. Simulation of Manufacturing Systems, John 
Wiley & Sons, Glasgow. 
[30] Al-Zuheri, A., Luong, L., Xing, K., 2010. “Mathematical model 
for productivity measurement of walking worker assembly line,” 
2nd International Conference on Design and Concurrent 
Engineering. Melaka, Malaysia. 
[31] Deakin, R.-E., Kildea, D.-G., 1999. A note on standard deviation 
and RMS, The Australian Surveyor 44, p.74. 
[32] CACI, 2010. SIMPROCESS, 4.7 ed. San Diego, CA. 
[33] Li, J., Meerkov, S. -M., 2009. Mathematical Modeling of 
Production Systems, in “Production Systems Engineering”. 
Springer, Boston, p.1. 
